The role of the Ntr system in Herbaspirillum seropedicae was determined via ntrB and ntrC mutants. Three phenotypes were identified in these mutants: Nif 3 , deficiency in growth using nitrate, and low glutamine synthetase (GS) activity. All phenotypes were restored by the plasmid pKRT1 containing the intact glnA, ntrB and ntrC genes of H. seropedicae. The promoter region of glnA was subcloned into a L-galactosidase fusion vector and the results suggested that NtrC positively regulates the glnA promoter in response to low nitrogen. The H. seropedicae ntrC and ntrB mutant strains showed a deficiency of adenylylation/deadenylylation of GS, indicating that NtrC and NtrB are involved in both transcription and activity control of GS in this organism. ß
Introduction
Nitrogen assimilation in enteric bacteria is controlled by a cascade system involving ¢ve proteins: GlnD, a uridylyl transferase/uridylyl removing enzyme; the signal-transducing proteins GlnB (PII) and GlnK; NtrB, a histidine protein kinase; and the response regulator, NtrC [1^3] . Under nitrogen limitation, GlnD uridylylates PII which as PII-UMP allows NtrB to phosphorylate NtrC. Phosphorylated NtrC positively activates several nitrogen assimilation operons, including glnAntrBntrC [1] . Under nitrogen excess GlnD removes the uridylyl group from PII, which, in turn, promotes dephosphorylation and hence inactivation of NtrC by NtrB. The operon glnAntrBC is also present in Azotobacter vinelandii, Proteus vulgaris and Vibrio alginolyticus, but glnA is not always linked to ntrBC [1] .
Activation of nitrogen assimilation genes by NtrC-P is usually associated with the sigma factor c N (c 54 ). However, Rhodobacter capsulatus NtrC activates three promoters: pnifA1, pnifA2 [4] and glnBp2 [5] with no dependence on c N [6] . Regulation of the glnAntrBC operon in enteric bacteria involves three promoters: two (glnAp1 and glnAp2) upstream of glnA, and pntrBC upstream of ntrB. Under nitrogen su¤ciency the c 70 -dependent promoters glnAp1 and pntrBC are active, whereas under nitrogen limitation glnAp1 and pntrBC are repressed by NtrC and glnAntrBC is expressed from the c N -dependent glnAp2. In addition to the glnAntrBC operon, genes controlled by NtrBC in enteric bacteria include, those for nitrate and arginine utilization and the nitrogen ¢xation regulatory genes nifLA.
Although ntrBC is present in many organisms, regulation of nifA expression by NtrC, and hence regulation of nitrogen ¢xation, is con¢ned to the enterobacteria [1] , R. capsulatus [4] and, possibly, Herbaspirillum seropedicae [7] . Although NtrC apparently regulates nitrogen ¢xation in Azorhizobium caulinodans, an alternative system, NtrYX, is present in this organism [8] .
H. seropedicae is an obligate endophytic diazotroph associated with grasses, rice and sugarcane [9^10] . It belongs to the L subclass of proteobacteria [11] . Sequence analysis of its nifA gene indicated the presence of a c N -type promoter and a potential NtrC-binding site [7] . The glnA, ntrB and ntrC genes of H. seropedicae have been sequenced. We now report the construction of ntrB 3 and ntrC 3 strains and show that these mutations a¡ect nitrogen ¢xation, glutamine synthetase (GS) synthesis and activity control in H. seropedicae.
Materials and methods

Bacterial strains and plasmids
The bacterial strains and plasmids used in this work and their characteristics are listed in Table 1 .
Media and growth conditions
Escherichia coli was grown in Luria^Bertani medium (LB) [13] and NtrC binding-sites (GenBank accession number AF0828730) was subcloned into the vector pPW452 yielding plasmid pWpglnA which was used to determine the regulation of glnA expression (Fig. 1). 
Analytical assays
Nitrogenase activities were determined by the acetylene reduction method in nitrogen-free NFbHP semi-solid medium [12] .
To study the glnA promoter regulation a glnA: :lacZ fusion, carried by plasmid pWpglnA2 was introduced into the H. seropedicae strains by conjugation or electroporation [17] . Cultures grown overnight in NFbHP media containing either 5 mmol l 31 glutamate or 20 mmol l 31 NH 4 Cl were assayed for L-galactosidase activity as described [18] . To study nifA promoter expression, cultures of H. seropedicae strains containing pEMS120 (nifA : :lacZ fusion) were grown overnight in NFbHPN, centrifuged, diluted to an OD 600 of 0.2 in NFbHP medium in the absence or presence (20 mmol l 31 ) of NH 4 Cl and derepressed for 4 h at 30³C and 130 rpm. The L-galactosidase activity was determined as before.
GS transferase and biosynthetic activities were measured as described [19] in cultures grown overnight in NFbHP containing 5 mmol l 31 glutamate, 2 or 20 mmol l 31 NH 4 Cl. The isoactivity pH optimum was 8.6 for the transferase activity [20] and that of the biosynthetic activity was 7.6 .
To analyze the e¡ect of the ntrC mutation on the adenylylation of GS of H. seropedicae, cells were grown in NFbHPN, centrifuged, resuspended in NFbHP (nitrogenfree) medium and incubated at 30³C and 130 rpm in the absence or presence of protein synthesis inhibitors (tetracycline 10 Wg ml 31 or chloramphenicol 100 Wg ml 31 ). GS biosynthetic activity was measured as described in aliquots taken every 10 min. After 20 min incubation, NH 4 Cl (20 mmol l 31 ) was added. Protein was determined as described [21] . 
DNA manipulations
Isolation of chromosomal DNA, plasmid DNA, gel electrophoresis, cloning experiments and restriction mapping were carried out as described [22] . Transformation was performed in a Cellporator from Gibco BRL.
Mutagenesis of the ntrC and ntrB genes of H. seropedicae
Plasmid pD2.48 contains the 2.48-kb EcoRI fragment cloned into the suicide vector pSUP202.2. Tn5-B20 [23] mutagenesis was carried out as described [24] and a plasmid (pDCP1C) containing a transposon insertion in the ntrC gene was isolated. The Km cassette from pKIXX (Pharmacia-Biotech) was inserted in the SstI site in the gene ntrB of plasmid pRSD14. The location of the insertion was veri¢ed by restriction analysis and sequencing. To construct the mutant strains E. coli S17-1 containing the mutated plasmids was conjugated with H. seropedicae SMR1. Transconjugants were isolated on NFbHPN containing kanamycin 500 Wg ml 31 and streptomycin 80 Wg ml 31 and tested for growth on NFbHP medium containing 10 mmol l 31 KNO 3 . The transposon and cassette chromosomal insertions were con¢rmed by hybridization analysis using EcoRI-digested pDCP1C as the probe.
Results and discussion
Construction of H. seropedicae ntrB 3 and ntrC
mutants
To demonstrate the function of the ntrC gene of H. seropedicae a ntrC null mutant was obtained by transposon Tn5-B20 insertion, yielding strain DCP286A. In this construction the Tn5-B20 was inserted in an orientation opposite to that of the ntrC gene ( Fig. 1 ) and the L-galactosidase activity of this strain was very low under all conditions. The ntrB gene was mutagenized by insertion of a kanamycin cassette yielding strain DCP290 (Fig. 1) . Both strains grew as well as the wild-type on NFbHP containing either 20 or 2 mmol l 31 NH 4 Cl, 5 mmol l 31 glutamate or glutamine as the nitrogen source, but failed to grow on nitrate as the sole nitrogen source. Revertants appeared, however, at high frequency (10 33 ) on nitrate plates after 48^72 h incubation. Both strains were complemented for nitrate growth by plasmid pKRT1, which carries the wildtype glnA, ntrB and ntrC genes.
Involvement of NtrC in nitrogen ¢xation
Previous analysis of the nifA promoter sequence and experiments with nifA: :lacZ suggested that nifA expression in H. seropedicae was dependent on NtrC [7] . The ntrC 3 and ntrB 3 strains have a Nif 3 phenotype (Table  2a) consistent with this suggestion. To con¢rm this hypothesis, a nifA : :lacZ fusion (pEMS120) was introduced into H. seropedicae strains SMR1 (wild-type) and DCP286A (ntrC). Table 2b shows that the nifA expression in the wild-type strain SMR1 increased signi¢cantly under nitrogen-¢xing conditions whereas in the ntrC mutant no increase was observed. The plasmid pKRT1, which carries the glnAntrBC genes, complemented both strains for nitrogen ¢xation (Table 2a) .
Involvement of NtrC in GS synthesis and post-translational modi¢cation
Two putative NtrC-binding sites were identi¢ed in the glnA promoter region. Although the upstream site does not have a normal spacing, the results suggested regulation of GS expression by NtrC. A glnA : :lacZ fusion was constructed and assayed in H. seropedicae wild-type and ntrC strains (Table 3c ). Ammonium inhibited expression of a glnA: :lacZ fusion in H. seropedicae by approximately 50%. Expression of glnA was therefore, relatively high in H. seropedicae in the presence of ammonium. The L-galactosidase activity of the glnA: :lacZ fusion in the ntrC mutant (DCP286A) under nitrogen limitation was 60% lower than that of the wild-type strain whereas under nitrogen excess the glnA promoter was expressed similarly in both strains. These results suggested that NtrC is required to activate glnA transcription under nitrogen limitation and that under nitrogen excess glnA expression is due to the putative c 70 promoter. The total level of GS (total transferase activity) in the wild-type SMR1 decreased 2^3-fold when grown under nitrogen excess (20 mmol l 31 NH 4 Cl) whereas in the ntrB and ntrC mutants the levels of total GS remained unchanged (Table 3a) . However, GS transferase activity of the mutants was still 33% that of the wild-type in the absence of ammonia and equal to that of the wild-type in the presence of ammonia, consistent with a signi¢cant role for the c 70 promoter of glnA expression. These results suggested that NtrC activates the expression of glnA under nitrogen limitation. The GS biosynthetic activity, which Table 3 GS (A) transferase and (B) biosynthetic activities of H. seropedicae wild-type, ntrB and ntrC mutant strains and expression of the glnA promoter (C) re£ects the non-adenylylated (active GS) fraction, was low in both mutants, irrespective of the N levels (Table 3b) . To determine if this could be due to a defect in the adenylylation system, cells of the strains SMR1 and DCP286A, grown in NFbHP containing 20 mmol l 31 NH 4 Cl, were collected and resuspended in N-free NFbHP. Although the initial levels of biosynthetic activity in both strains were similar, after 20 min the activity increased threefold in the wild-type but did not change in the ntrC mutant. Addition of 20 mmol l 31 NH 4 Cl caused a decrease of GS levels, restoring the initial biosynthetic activity in the wild-type. Again, no change occurred in the mutant (Fig.  2) . Similar results were obtained in the presence of tetracycline (10 Wg ml 31 ) or chloramphenicol (100 Wg ml 31 ) (Fig. 2) indicating that GS activity increase in the wildtype was not due to de novo protein synthesis. These results suggest that NtrC is involved both in the regulation of GS synthesis and activity control. Since glnB expression is constitutive in H. seropedicae and a glnB mutant has a normal GS adenylylation pattern [20] , the data suggest the presence of a second signal transducer that control GS adenylylation in H. seropedicae whose expression is NtrC-dependent. This putative protein probably corresponds to the GlnK protein of enteric bacteria [2, 3, 25] . To our knowledge H. seropedicae is the ¢rst organism in which NtrC controls directly or indirectly both GS synthesis and activity.
